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Abstract 
 
 
In this report, the mechanical and electrical properties of three types of actuators are 
investigated. The actuators of interest are electromagnetic, magnetostrictive and 
piezoelectric. The constitutive equation of each actuator is presented in the form of a 
two-port model. The models are validated by comparing numerical simulation results 
with experimental data. A demonstration of controller design for active vibration 
isolation system using an electromagnetic actuator and a magnetostrictive actuator are 
also presented.  The effects of using a current driver or a voltage driver with the 
actuator are discussed.  
 
viii 
  
 
1. Introduction 
 
Active vibration isolation systems are applied in many areas such as automobile, 
semiconductor manufacturing, biomedical engineering and aerospace engineering. 
However, the requirements of the actuator for each application may be different. In 
order to achieve good performance, the characteristics and the limitations of the 
actuator should be known in the controller design process. There are several 
mechanisms in general use in active vibration control systems, such as variable 
reluctance, moving coil electromagnetic, magnetostrictive, and piezoelectric, etc. 
Electromagnetic actuators have been used for many years in vibration control and 
testing. They are generally linear and relatively cheap, but their force generation per 
unit weight and volume is quite small. Magnetostrictive and piezoelectric actuators 
are generally more compact and can generate larger forces compared to their size [1].  
 
The studies of actuator characteristics are usually based on both theoretical and 
experimental study. The objective of most studies is to model the actuator especially 
the hysteresis of piezoelectric and magnetostrictive actuators in order to improve the 
accuracy in position control [2,3,4]. Brennan et al [1], have studied different 
technologies for active vibration control based on an experimental investigation. The 
mechanical and electrical properties were described by using a two-port system model 
effectively.  
  
An accurate nonlinear model might be important for position or velocity control, but it 
is not necessarily important the in vibration isolation problem. This is because the 
purpose of control is to suppress the payload displacement by stopping the vibrational 
energy from any disturbance source from reaching the payload. A linear two-port 
model can be used to describe the behaviour of the actuators that are used in vibration 
isolation, and the model error can be treated as unstructured uncertainty. When the 
system is subjected to the uncertainty, the problem becomes a robust control problem 
in which knowledge of an uncertainty bound is necessary, as it concerns the stability 
of the system. A large uncertainty can degrade the performance of the system [5]. The 
- 1 - 
 uncertainty can be reduced by selecting linear hardware and using the suitable model 
to describe the system.  
 
In this study, three types of actuator are modelled including an electromagnetic 
actuator, a magnetostrictive actuator and a piezoelectric actuator. The two-port model 
is used to describe the actuators, and the uncertainty bound of each element of the 
two-port system is also identified. Following this introduction, the report is organized 
into five sections. The first part of this report introduces an operational principle and a 
constitutive equation (the two-port model) for each actuator. Next, the parameter 
identification method and identification results are presented. Then, the mechanical 
and electrical properties of each actuator that can be used in actuator selection are 
compared. After that, the effect of uncertainties due to identification errors on active 
the vibration isolation stability and performance is demonstrated. Finally, all results 
are summarized and discussed in the last section.           
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 2. General model of actuator 
 
An actuator is an item of equipment that converts electrical energy to mechanical 
energy. It can be viewed as a two-port model relating the electrical properties at one 
port to the mechanical properties at the other. Assuming linearity, the relation 
between the mechanical and electrical parameter is given by [6] 
 
(1a) 
(1b) 
or 
 
(2a) 
(2b) 
where  ,  ,   and   are force, relative velocity, voltage and current respectively. 
 and    are mechanical impedance and electrical impedance respectively and   
and   are actuator constant,  ,  , 
 and   .   In general,   and the 
sign of actuator constants depend on actuator design, e.g., if positive current causes 
positive displacement, the sign of   is minus and vice versa. When the actuator is 
constrained not to move,  , the force that the actuator generates,  , is called 
blocked force. On the other hand, the displacement that is generated by an 
unconstrained actuator,  , is called free displacement.   
 
2.1 Electromagnetic actuator  
Electromagnetic actuator operates on the Lorentz’s principle. If a current carrying 
conductor is placed in a magnetic field, there will be a force exerted upon it as shown 
in figure 1. The force can be determined by 
  (3) 
where bold font denote a vector,   is Lorentz force (N),  is current flow in the 
conductor (A),   is magnetic flux density and     is the conductor length. 
- 3 - 
 Conversely, if the conductor moves through a magnetic field vector    with the 
velocity  , the voltage  will be induced across the conductor that can be 
expressed by 
  (4) 
 
 
 
 
 
 
 
 
       (a)                                          (b) 
Figure 1. Lorentz force principle (a) a current carrying conductor in a magnetic field 
(b) a conductor moves through a magnetic field 
 
 
Figure 2. Schematic diagram of an electromagnetic actuator 
 
 
A schematic diagram of the electromagnetic actuator is shown in figure 2. The coil of 
wire is held in a permanent magnetic field by the flexible suspension that is modelled 
by a spring and damper element. The equivalent conventional diagram and electrical 
circuit diagram of the actuator is shown in figure 3. Assuming positive current gives 
positive displacement, the equation of motion of the moving element and the current- 
voltage relation (in frequency domain) can be written by 
- 4 - 
  
 
 
 
 
 
 
or equivalently 
 
 
 
  
where   is mass of moving element and   is mass of actuator case.  
Assuming    , it can be simplified to   
 
. 
(5) 
 
 
 
 
 
 
 
 
 
 
               (a)                                     (b) 
Figure 3.  The equivalent (a) conventional diagram and (b) electrical circuit of the 
                linear actuator  
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2.2  Magnetostrictive actuator 
Magnetostriction is the phenomenon that the shape of certain materials changes when 
the materials are subject to a magnetic field. Conversely, the magnetization changes 
when the materials are subject to a mechanical stress. This phenomena can be used for 
actuation and sensing. The nature of the magnetic and mechanical phenomena are 
usually illustrated as in figure 4 [4,7].  The relationship between the magnetic field   
and the magnetization   is nonlinear due to hysteresis. The relationship between the 
magnetic field    and the strain   is also nonlinear and has the shape of a butterfly 
curve. As a result, a bias magnetic field and pre-stress is required to improve the 
characteristics of the actuator. Figure 5 shows a schematic diagram of a commercial 
magnetostrictive actuator [4]. The disc spring is employed to provide a compact 
compressional pre-stress. The magnetic bias field is generated by the permanent 
magnet. A solenoid coil wound around the drive rod to either add or subtract from the 
existing bias magnetic field, causes the drive rod to either expand or contract in 
response.   
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 Figure 4. Relationship between (a) the magnetic field   and the magnetization   
and (b) the magnetic field   and mechanical strain   
 
 
 
To model the magnetostrictive actuator, a starting point is the linear constitutive 
equation as follows [7]: 
 
 
(6) 
where      is Young’s modulus,  is Permeability,    is magnetostrictive constant, 
 is   strain,     is  stress,    is  magnetic flux density and     is  magnetic 
field strength. 
 
 
Figure 5. Schematic diagram of magnetostrictive actuator [4] 
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Figure 6. Diagram showing the superposition method of deriving the constitutive   
                equation 
Consider figure 6 that shows the superposition method for deriving the constitutive 
equation of magnetostrictive actuator. After applying the bias magnetic field   and 
preload  , the constitutive Eq. (6) becomes 
 
 
(7) 
where   is the stiffness of preload spring,   is the cross-sectional area and   is an 
effective length. If the magnetic field   is generated by exciting solenoid coil with a 
certain current causing the extension   and force   acting at the end of the rod, the 
constitutive Eq. (6) becomes 
 
 
 
Equation (7) still holds so that 
 
 
(8a) 
 
(8b) 
or equivalently 
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(9a) 
 
(9b) 
Since  ,  substituting   in Eq. (9), pre-multiplying Eq. (9b) by   
and differentiating (9b) with respect to time, gives 
 
 
(10a) 
 
(10b) 
 
where   is the relative velocity. Now,   is the s fness of the magnetostrictive 
rod, 
tif
 is the inductance of the solenoid coil and   is the actuator constant. 
Given  ,   and   th . (10) bec en Eq omes 
 
 
(11a) 
Note that the hysteresis effects in the magnetostrictive rod and the solenoid c
 
(11b) 
oil are 
not included in Eq. (11). In the frequency domain the linear constitutive equation that 
includes the hysteresis effect and effective rod mass can be represented by 
 
(12) 
where   is equivalent damping constant.  
.3  Piezoelectric stack actuator 
 energy between the electrical and mechanical 
 
2
Piezoelectric ceramics transform
domains.  Application of an electric field across the ceramic creates a mechanical 
strain, and in a similar manner, application of a mechanical stress to the ceramic 
- 9 - 
 induces an electrical charge. The fundamental component of a piezoelectric stack 
actuator is a wafer of piezoelectric material sandwiched between two electrodes as 
shown in figure 7. One dimensional linear constitutive equations describing the 
piezoelectric effect are given by [2] 
 
where   
(13) 
  is Young’s modulus,    is permittivity,    is  piezoelectric constant ,    is  
  is  stress,    is  electric field and    is  dielectric displacement.  strain, 
 
Figure 7. Illustration of a piezoelectric stack actu
 
The variables, 
ator 
,  ,   and    where   is number of elements in 
 subst ted into Eq. (13) to give  the stack can be itu
 
or equivalently 
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(14a) 
 
(14b) 
Differentiating these two equations respect with time, and substituting   , 
,  ,    and  , results in 
 
(15) 
 
The hysteresis effect in the piezoelectric stack is not included in Eq. (15). In the 
frequency domain the linear constitutive equation that includes the hysteresis effect 
and the effective mass of the rod can be represented by  
 
(16) 
where   is equivalent damping constant.   
 
 
3. Actuator identification 
 
This section concerns the identification of the actuator parameters. For simplicity it is 
assumed that the actuator is a single axis actuator. Since it is assumed that   
, the condition for this assumption to hold is discussed as is the 
resulting design of  the experimental set-up.  
 
3.1 Test rig design 
Consider the system shown in figure 8, which depicts the actuator under test placed 
between two spring-mass-damper sub-systems. The masses of the moving element 
and actuator case of the actuator are modelled as lumped masses and are depicted by 
 and   respectively.  
- 11 - 
  
 
 
Figure 8. Lay out of actuator identification set-up 
 
The equivalent mobility diagram and simplified mobility diagram are shown in figure 
9 where   and   . If the actuator is excited by the 
sinusoidal current   where    and    is the angular velocity, the 
response of the system is assumed to be   .  Applying Kirchoff’s law 
to the system shown in figure 9b, results in 
 
(17) 
where  
 
(18) 
 
(19) 
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 (a)                                                                     (b) 
Figure 9. The equivalent (a) mobility diagram and (b) simplified mobility diagram 
 
 
 
 
 
 
 
 
 
 
Solving  Eq. (17) and rearranging the result gives 
 
(20) 
 
(21) 
Equations (20) and (21) combine to give  
 
(22) 
Since 
  (23) 
  if   , that is  .   
 
3.2 Model parameter identification 
In the frequency domain, the constitutive Eq. (1) is given by  
 
 
 
(24a) 
 
(24b) 
where   and   are force and voltage amplitude of each frequency.  
- 13 - 
 It is assumed that    such that   and it is also assumed that 
,   are equal to zero. Substitute   in (24a), then gives 
 
 
 
 
that is 
 
 
 
or 
 
 
 
(25a) 
 
(25b) 
where   is the acceleration magnitude of mass  . Assuming   , and  
 Eq. (25) becomes 
 
 
 
(26a) 
 
(26b) 
where   ,    and  .  For the magnetostrictive actuator, it 
is assumed that    then Eq. (25) becomes  
 
(26c) 
The piezoelectric actuator is a voltage driven device. If there is no external force   
applied to the actuator, the constitutive Eq. (16) becomes  
 
(27a) 
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(27b) 
where   ,    and  .  
To identify the model parameters, Eqs. (26a), (26c) or (27b) are plotted to compare 
the transfer function   or   that are obtained directly from the experiment. The 
parameters   or   ,  ,   or   are assumed and are substituted into Eqs. (26a) 
or (26c) or (27a) by trial and error until they match with the experimental results. To 
determine    and   two experiments were set up using different values of  . 
Figure 10 shows the frequency response function of the two systems that have the 
same stiffness and damping but different mass. The stiffness   and mass  can be 
determined by 
 
(28) 
where   and   are proof masses which are assumed to be known. The damping 
coefficient    is determined by  
.  (29) 
and  the actuator constant is obtained by 
.  (30) 
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Figure 10. Frequency response functions of  Eq. (26a) that have the same stiffness 
and damping but different mass, (a) Magnitude (b) Phase 
 
To identify the electrical properties, Eqs. (26b), or (27b) are plotted to compare the 
transfer functions   or   obtained directly from the experiment. The parameters   
or   are already known and   ,   or   are assumed and substituted into (26b) or 
(27b) by trial and error until it match well with the experimental results. 
 
3.3 Experimental work 
In this study, three types of actuators were available namely an electromagnetic 
actuator, a magnetostrictive actuator and a piezoelectric stack actuator. Their typical 
properties are shown in table 1. In the experiment, a Data Physics® signal analyzer 
model 70103 was used and the transfer function between the two signals could be 
obtained directly.  
Table 1. Typical properties of actuators 
Typical value 
Property  Electromagnetic 
LDS V201 
Magnetostrictive 
Extrema AA-050H 
Piezoelectric 
PI P840.60 
1. Max. flocked force  ± 26.7 N  ± 462 N  1000 N (push)  
50 N (pull) 
- 16 - 
 2. Max. free displacement  ± 5 mm  ± 25 µm  ± 90 µm ± 20% 
3. Max. input current (peak)  5 A  2 A  - 
4. Max. input voltage (peak)  -  -  200 V 
5. Armature resonance frequency  13000 Hz  6500 Hz  6 kH ± 20% 
6. Axial stiffness  8.76 N/mm  26.9 N/µm  10 N/µm ± 20% 
7. Effective moving mass  0.020 kg  -  - 
 
8. Resistance  -  3.2 Ω - 
9. Inductance  -  2.1 mH  - 
10. Capacitance  -  -  9 µF ± 20% 
The magnetostrictive actuator and piezoelectric stack actuator are classified as stiff-
actuators. It is difficult to measure the block force from this type of actuator because 
the deformation of the blocks they are attached to when the actuators are excited is 
quite large when compared with their free displacement. Therefore, it cannot be 
assumed that  . However, it is possible the measure the blocked force of the 
soft-actuator such as an electromagnetic actuator because its free displacement is very 
large compared to the deformation of the blocks it is attached to. As a result, for the 
electromagnetic actuator, two different methods are employed to identify actuator 
constant and electrical impedance and the results are compared. The first experimental 
set up for the electromagnetic actuator is shown in figure 11. The actuator was excited 
by a random signal and the force   generated by actuator was measured by a 
piezoelectric force gauge of PCB™ model 208C01. The current   supplied was 
monitored by way of the voltage across a 2 Ω resistor in the supply line, and the 
voltage   across the actuator was also monitored.   
 
       
stinger 1  stinger 2  actuator  actuator 
force 
gauge 
force 
gauge 
block  block 
  (a)                                                         (b) 
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 (c) 
Figure 11. Blocked force measurement set-up. The actuator connects to the block 
through the force gauge by (a) stinger 1 or (b) stinger 2. (c) Test circuit. 
 
 
From the experimental set up, it was assumed that the velocity is equal to zero.  From 
(5),   
 
(31) 
and 
 
(32) 
The blocked force per unit current from the experimental result is shown in figure 12. 
In the low frequency range, the magnitude of   is constant which means that 
 N/A and the phase difference is 180 degree. Theoretically, the measurement 
of   should be constant, however, the moving part of the actuator is not absolutely 
rigid so the resonance frequencies of two stingers that appear at 2113 Hz and 6513 Hz 
can be seen.  The armature resonance frequency appears at 20 900 Hz and this is close 
to the typical value. The electrical impedance of the electromagnetic actuator is 
shown in figure 13a-b and the inductance and resistance are shown in figure 13c and 
13d respectively. The resistance is 1.14 Ω in the low frequency range and increases 
with frequency. The inductance is approximately 0.46 mH and tends to decrease with 
frequency.  
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Figure 12. The measured blocked force per unit current of electromanetic actuator 
                   model LDS V201 (a) Magnitude, (b) Phase 
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Figure 13. The measured electrical impedance of the electromagnetic actuator  
                (a) magnitude, (b) phase, (c) resistance, (d) inductance. 
 
In order to identify the parameters of each actuator following the procedure outlined 
in section 3.1, the experiment set up for each actuator is shown in figures 14-16. A 
proof mass    g was used to identify the stiffness and the effective 
moving mass of the electromagnetic actuator. The mass ratio was 
- 19 - 
  which is considered small enough. The actuator was placed on 
the floor as shown in figure 14; the friction force was large enough to prevent the 
movement of the actuator case. The accelerometer was attached to the end of the 
moving part of the actuator to measure the acceleration. The accelerometer used in 
experiment is a piezoelectric accelerometer of PCB™ model 352C22. For the 
magnetostrictive actuator, the actuator was suspended by two strings as shown in 
figure 15 in order to set the support stiffness far below the actuator stiffness, and the 
external mass was added to the housing of the actuator to reduce the mass ratio. The 
proof mass was   g and was used to identify the actuator, in this case, the 
mass ratio was   . The acceleration of the moving part of the 
actuator was measured by the accelerometer. The current supplied to electromagnetic 
and magnetostrictive actuators was monitored by the measuring the voltage across the 
2 Ω resistor that was connected in series with the actuator as shown in figure 17a. The 
voltage   across the actuator was monitored by direct measurement. For the 
piezoelectric stack actuator, it should be suspended but the piezoelectric stack inside 
the tube was broken so it was arranged in a vertical direction and a preload was 
applied on it. A proof mass of 7.7 g was used to identify the actuator, in this case, the 
mass ratio was not available because the mass   was unknown. The acceleration of 
the moving part of the actuator was measured by the accelerometer. The excitation 
voltage was available from the amplifier and the current flow through the actuator 
was measured by monitoring the voltage across the 1 Ω resistor that was connected in 
series with the actuator as shown in figure 17b. To obtain the transfer functions, the 
actuators were excited by random signals and acceleration, voltage and current were 
measured and passed to the signal analyzer. The transfer functions were obtained 
directly from the analyzer.   
- 20 - 
     
actuator  actuator 
proof 
mass
                                         (a)                                         (b) 
Figure 14. The experimental set-up for the electromagnetic actuator  
                  (a) without proof mass (b) with proof mass 
 
      
                                           (a)                                       (b) 
Figure 15. The experimental set up for the magnetostrictive actuator 
                   (a) without proof mass (b) with proof mass 
 
            
                                              (a)                                 (b) 
Figure 16. The experimental set up for the piezoelectric stack actuator 
                  (a) without proof mass (b) with proof mass 
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                               (a)                                              (b) 
Figure 17. The electrical circuit of (a) the electromagnetic and magnetostrictive 
actuators and (b) the piezoelectric actuator  
 
The experimental results are shown in figure 18–20. They show the magnitude and 
phase of acceleration per unit input current (or voltage) and voltage across the 
actuator per unit current of the actuator (or current per unit voltage) with and without 
a proof mass. A comparison is made with linear approximation models. The 
approximate linear model cannot predict the behaviour of the actuator correctly in the 
high frequency range because the actual actuators are multi-degree-of-freedom 
systems. However, the results show that the approximate linear model matches well 
with the experimental results in the low frequency range. As a result, the actuators can 
be considered to be a linear device if it is operated in the low frequency range. Using 
the procedure described in section 3.1, the model parameters for each actuator are 
shown in table 2. For the electromagnetic actuator, the actuator constant and electrical 
parameters obtained by two different methods are the same. For the magnetostrictive 
actuator, the resonance frequency is close to that given in the datasheet. The 
difference may be due to the measurement method, for example the mass of the 
accelerometer used may influence the resonance frequency because the effective 
moving mass is very small. The inductance of the actuator is similar to the typical 
value but the resistance is higher due to the additional contact resistance in the 
experimental set up. The first resonance frequency of the piezoelectric actuator is 
much lower than the typical value because the piezoelectric stack was broken. 
However, the second resonance, in the case of no proof mass, appears at 7000 Hz that 
is close to the typical value. The stiffness that was obtained from the experiment 
- 22 - 
 might not realistic. However, the electrical properties are not affected by the broken 
actuator because the linear model matches well with the experimental data and the 
capacitance obtained from the experiment is in the range of typical values. 
 
Table 2 The mechanical and electrical properties of each actuator obtained from the 
experiment. 
 
Experimental result 
  
Property  Electromagnetic 
LDS V201 
Magnetostrictive 
Extrema AA-050H 
Piezoelectric 
PI P840.60 
1. Actuator constant  5.41 N/A  - 109 N/A  0.383 N/V 
2. First resonance frequency  93.7 Hz  7541 Hz  1880 Hz 
3. Damping ratio (Loss factor)  0.18  (0.091)  0.07 
4. Axial stiffness  7340 N/m  32.3 N/µm  1.22 N/µm 
5. Moving mass  21.2 g  14.4 g  8.7 g 
6. Resistance  3.7 Ω 5.2  Ω 1.5  Ω 
7. Inductance  0.4  mH  2.1 mH  - 
8. Capacitance  -  -  7 µF  
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Figure 18 Experimental result of electromagnetic actuator (i) without and (ii) with  
proof mass, (a)–(b) The magnitude  and phase of acceleration per unit input current 
and (c)–(d) the magnitude and phase of voltage across the actuator per unit current 
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Figure 19 Experimental result of magnetostrictive actuator (i) without and (ii) with  
proof mass, (a)–(b) The magnitude  and phase of acceleration per unit input current 
and (c)–(d) the magnitude and phase of voltage across the actuator per unit input 
current  
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 Figure 20 Experimental result of piezoelectric stack actuator, (a)– (b) The magnitude  
and phase of acceleration per unit input voltage and (c)–(d) the magnitude and phase 
of current per unit input voltage 
4. Comparision of the actuators 
 
 
In the previous section, all the actuator parameters have been identified. A further 
consideration in this section is to compare the mechanical and electrical properties of 
each actuator. In general, the actuators are compared in terms of the modulus square 
value of the blocked force per unit electrical power input, the modulus square value of 
the free displacement per unit electrical power input, and maximum efficiency [1].  
 
Consider the constitutive equation of electromagnetic actuator and magnetostrictive 
actuator of the form  
 
 
(33) 
 
Assuming the actuator is driven by maximum allowable current   ,  , 
and   where   is the displacement, the force-displacement relation can be 
written as 
 
  (34) 
 
The straight line graph is obtained if the force-displacement relationship is plotted on 
a linear scale. The force-displacement graph is very important because it indicates the 
possible operation point. 
 
If the actuator is driven without external load, i.e.,  , the current is related to the 
free relative displacement    by: 
 
 
(35) 
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 Substituting this into Eq. (33b) gives the relationship between the electrical voltage 
and the free displacement: 
 
 
(36) 
 
The electrical power    supplied to the actuator is given by: 
 
 
(37) 
  
where   denotes the real part of a complex number and   denotes the complex 
conjugate. Substituting (35) and (36) into (37) and rearranging, gives 
 
 
(38) 
 
Similarly, the modulus squared value of the blocked force per unit input electrical 
power can be derived using Eq. (33). Setting the relative velocity to zero, the current 
and voltage are related to the block force   by 
    
 
(39) 
and 
 
(40) 
 
Substituting for Eqs. (39) and (40) into Eq. (37) and rearranging results in 
 
 
(41) 
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 Consider the mechanical power transmission between the actuator and external load 
that has the impedance   as shown in figure 21. The velocity   can be obtained by 
Kirchhoff’s laws as follows. 
 
 
(42) 
 
The force transmitted to the load is 
 
 
(43) 
 
The mechanical power   supplied to the load is given by: 
 
  (44) 
 
Substituting Eqs. (42) and (43) into Eq. (44) gives 
 
 
(45) 
 
Zm
T1I
Ue 
j t
ZL
 
 
Figure 21. Mobility diagram for consideration of power transmission 
 
 
Letting     and    results in 
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(46) 
 
Since   and    must be positive but    and   can take any value, the 
maximum condition of   is   and   is minimum. 
Because  
 
 
 
the minimum condition for   is   is zero that is  . Therefore, it can be 
concluded that the condition for maximum power transmission is  . This 
result is called the matched load [1]. If this condition holds for each actuator then the 
efficiency can be calculated at this condition; it is defined as the ratio of maximum 
output of mechanical power to the input electrical power [1]. Substituting    
in (45) and (42) gives 
 
 
(47) 
and 
 
(48) 
 
The velocity of the actuator under matched load conditions is Eq. (48). Substituting 
Eq. (48) into Eq. (33b), the voltage across the actuator at matched load condition is 
obtained and is given by 
 
 
(49) 
   
Furthermore, the input electrical power under this condition is obtained and is given 
by 
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(50) 
 
The efficiency can be determined by dividing equation Eq. (47) by Eq. (50) and 
rearranging, to give  
 
 
(51) 
 
For the piezoelectric actuator, the constitutive equation is represented by 
 
 
(52) 
Following the procedure used for the electromagnetic and magnetostrictive actuators, 
the following is obtained: 
 
  (53) 
 
 
(54) 
 
 
(55) 
 
 
(56) 
 
Now the mechanical and electrical properties of the actuator have been derived and so 
a comparison can be conducted. The important parameter and equation for each 
actuator are listed in table 3. The stiffness of piezoelectric actuator in this table is its 
typical value rather than the experimental result.  
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Table 3 The important parameters and equations for each actuator 
 
  Electromagnetic Magnetostrictive  Piezoelectric 
1. Actuator 
constant  5.41 N/A  - 109 N/A  0.383 N/V 
2. Damping ratio  
    (Loss factor)  0.18 ( 0.13)  0.07 
3. Axial stiffness    7340 N/m  32.3 N/µm  10 N/µm 
4. Moving mass   21.2 g  14.4 g  8.7 g 
5. Resistance ( )  3.7 Ω 5.2  Ω 1.5  Ω 
6. Inductance ( )  0.4  mH  2.1 mH  - 
7. Capacitance ( )  -  -  7 µF  
8 a . M x. driven I, V   A   V   A 
9. Mechanical  
    Impedance ( ) 
     
10. Electrical   
      Impedance ( )     
11. Force-
displacement   Equation (34)  Equation (34)  Equation (53) 
12.   
Equation (38)  Equation (38)  Equation (54) 
13.   
Equation (41)  Equation (41)  Equation (55) 
14. E ie ffic ncy  Equation (51)  Equation (51)  Equation (56) 
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 Figure 22. (a) Force against displacement, (b) Square of modulus of  free 
displacement per unit input electrical power, (c) square of the modulus of the block 
force per unit input electrical power, (d) Maximum efficiency of the actuators 
Figure 22(a) show the force as a function of the displacement calculated using Eq. 
(34) on logarithmic scale. It would be straight line if it was plotted in linear scale but 
would be difficult to compare the actuators because of the large difference in blocked 
force and free displacement. This graph indicates the possible operation point. The 
actuator cannot operate outside the area covered by force and displacement shown. 
However, if a gearing mechanism is employed, the force-displacement characteristic 
can be changed and it may be possible to operate at a point inside the area under the 
new characteristic graph. The results show that the electromagnetic actuator is 
suitable for the system that requires a large displacement but low force. Conversely, 
the magnetostrictive actuator and piezoelectric stack actuator are suitable for the 
system that requires the large force but small displacement.  
ut the magnetostrictive 
ctuator is more efficient than the electromagnetic actuator.  These results suggest that 
 
 
Figure 22(b) shows the square of modulus of free displacement per unit input 
electrical power. The results show that when the actuators operate below their 
resonance frequencies, the square of the modulus of the free displacement per unit 
power is constant except for the piezoelectric actuator where it decreases with 
frequency. The comparison shows that the electromagnetic actuator can generate the 
largest displacement with the same power consumption for each actuator.  
 
Figure 22(c) show the square of the modulus of the blocked force per unit input 
electrical power. The results show that the piezoelectric stack actuator is most 
efficient at low frequency but reduces with frequency. The square of the modulus of 
the blocked force per unit input electrical power of the electromagnetic actuator and 
magnetostrictive actuator are constant with frequency b
a
for the system in which the power supply is limited, the piezoelectric stack actuator is 
suitable for the system that operates in the low frequency range. The electromagnetic 
and magnetostrictive actuators are suitable for the system that operates over a large 
frequency range.  
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 The maximum efficiency graphs are shown in figure 22(d). It can be seen that the 
maximum efficiency of the electromagnetic actuator is roughly constant with 
equency. The maximum efficiency of the magnetostrictive actuator increases with 
teria in this sec ion mi be used as a guideline for selecting an 
uator e system should be noted that there might be other 
owed that the linear model of the 
ctuators cannot predict the experimental results very well. The identification error is 
near time invariant system 
fr
frequency. Conversely, the maximum efficiency of the piezoelectric stack actuator 
decreases with frequency. In both cases the maximum efficiency is 0.5 that is the 
maximum possible value predicted by maximum power transfer theorem [8]. It should 
be noted that below the resonance frequency of an actuator, the mechanical 
impedance is simply a stiffness and so a matched load should be a mass that depends 
on the operational frequency. Therefore, this analysis is applicable in a practical sense 
if the primary disturbance is at a single frequency. 
 
In this section, the mechanical and electrical properties of the actuators have been 
compared. The cri t ght 
act  in th  design process. It 
criteria that could be used to compare the actuator depending on the constraints of the 
application. 
 
5. Application in active vibration isolation system 
 
 
In this section, the application of actuators in an active vibration isolation system is  
demonstrated. A sky-hook-damper that is known as a simple, robust and effective 
controller is used in the demonstration.  The system is assumed to be a single-axis 
active vibration isolation system. The robust stability criteria is employed to test the 
stability of the system because the identification sh
a
treated as unstructured uncertainty. Since the actuator is also driven with a current or 
a voltage driver, the effect of these two different types of driver is investigated.  
 
5.1 Stability consideration 
Consider a li  subject to unstructured uncertainty   
as shown in figure 23 where   is the control input to the actuator that might be 
- 32 - 
 current or voltage,   is the disturbance input from ground that is defined by the 
ground velocity,   is the performance output that is the payload velocity,   is the 
measurement output that is the acceleration of the payload,   is the uncertainty input 
and  is the uncertainty output. It is assumed that   is an unknown transfer 
function that is stable and  .  
 
The objective of this section is to design a controller   that minimizes the 
transmissibility. In this case, the equivalent sky-hook-damper control is an integral 
acceleration feedback control. The control law is given by   
 
 
(57) 
 
) (s Δ
) (s K
) (s G
 
Figure 23 Element of the robust control problem 
 
 
If the plant  (s) is partitioned by 
 
(58) 
 
   
the close loop system can be written by 
 
 
(59a) 
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 or equivalently 
 
(59b) 
where 
,  
,   
,   
, 
, 
, 
 and 
 
 
Let  
Nominal stability 
 be the poles of the characteristic equation  , the system given by 
Eq. (59a) is stable if and only if  
  (60) 
In this study, the control law is given in Eq. (57) and the characteristic equation 
becomes 
 
(61) 
that root locus can be used to determine the maximum allowable controller gain   of 
the nominal system when the scalar  is specified. 
 
The system described by Eqs. (59a) and (59b) is robust stable if 
Robust stability 
 is stable and 
there exists some scaling matrix   such that [9] 
- 34 - 
  
  (62a) 
for all circular frequency  . Let   where  , 
,   is number of input and output of uncertainty channels, the 
condition in Eq.(62a) is equivale  to the existence of matrices  nt  and 
 that satisfy [9] 
(62b) 
 
The linear matrix inequality in Eq. (62b) is convex in   and   and can be solved by 
e.g., LMI l B.  available software,  ab of MATLA
 
Nominal performance   
The nominal transmissibility   of the system without the uncertainty at each 
frequency   can be obtained by 
  (62) 
Robust perfor nc ma e 
Let 
 
 
     
(63a,b)
the system described by Eq. (63a,b) is quadratically stable and   if 
ere exist matrices  th  and   that satisfy  
- 35 - 
  
(64) 
If   and   satisfy (64) and also minimize  , the robust transmissibility   can be 
obtained by 
 
 
(65) 
where   denote th  sing e maximum ular e.  
 
5.2 Active control demonstration 
12), it is supposed that the constitutive 
cluding unstructured uncertainty in the Laplace d ain can be written as 
 valu
Referring to the constitutive Eqs (5) and (
equations in om
(66a) 
 
 
(66b) 
where   and   are the normalized unstructured uncertainty which   
and   and   and   are weighting transfer functions. If the actuator 
is driven without an external load, i.e.,  , the current   is related to the free 
lative acceleration  re  by: 
 
(67a) 
or              
(67b) 
 
 is obtained by the experimental result and   is the linear appr  
mode fied.  Dividing Eq. (66b) by 
oximation
l that has been identi  and rearranging, gives 
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(68) 
where   and   are the experimental results and   and   are  known. Figure 
e uncertainties  24 show th  and   obtained by the experimental results and 
the weighting transfer functions   and   of the electromagnetic actuator and 
magnetostrictive actuators. The weighting transfer functions of electromagnetic 
actuator are given by 
 
(69a) 
   
 
(69b) 
and the weighting transfer functions of electrom gnetic actuator are given by  a
 
   
(70a) 
 
(70b) 
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Figure 24. Uncertainty and weighting transfer function of the electromagnetic and 
magnetostrictive actuators. 
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There are two types of driver th
voltage driver. The simple circuits of
at are used to drive the actuator, a current driver and a 
 them are shown in figure 25a and 25b 
ed that all the drivers are ideal devices so the drivers gain is  respectively. It is assum
constant. In figure 25a, the current flow through the actuator   is always 
, where   is the control s
that 
ignal voltage. For simplicity, it is assumed 
 so that the driver gain is unity. In figure 25b the voltage across the 
al voltage so that driver gain is unity as 
 
actuator is always equal to the control sign
well.  
          
                               (a)                                                                    (b) 
a k
Figure 25  (a) Current driver and (b) Voltage driver 
 
a c
b m sx sx −
+
s
1
m Δ ) (s W m
1 q
1 p
T
+
+
-
- f i
1 r
 
(a) 
- 38 - 
 a k
a c
m Δ ) (s W m
1 q
2 q
1 p 2 p
b m sx sx − 1
s
e x
T
e Δ ) (s W e
T
1 r 2 r s
1
L
1
R
e sx
 
(b) 
Figure 26  Block diagram of the actuator when it is driven by (a) current driven or (b) 
voltage driver 
 
Referring to equation (66), an alternative form can be represented by  
(7
1a
) 
(
1b
) 
here 
 
7
w  and   are the actuator stiffness and actuator damping coefficient 
respectively.   is the relative velocity of point   respect to point  .If the 
actuator is driven by the current driver, the equivalent block diagram is shown in 
figure 26a. On the other hand, if it is driven by the voltage driver, the equivalent block 
diagram is shown in figure 26b.  
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                                       (a)                                                            (b) 
Figure 27 Single axis active vibration isolation system using (a) soft-actuator and      
                 (b) stiff-actuator 
 
nd 27b respectively [10]. At first, the 
pplication of the soft actuator in the active vibration isolation system is considered. 
 
In single axis active vibration isolation system, the application of the soft-actuator and
stiff-actuator are shown in figure 27a a
a
Consider figure 27a, the equation of motion of mass   in the Laplace domain is 
given by 
 
(72) 
where   is an actuator force. In figure 26a and 26b,  ,   and the 
actuator force is given by 
  (73) 
  Letting ,   and   the state-space m ystem in 
figure 27a, which the actuator is driven 
odel of the s
by the current driver can be written as 
          
(74) 
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               . 
From figure input voltage   26b, the current is related to the   and relative velocity 
 by 
                            
(75a) 
(75b) 
 
                                 . 
Letting  ,   and   , Eqs. (72), (73), (75) and figure 26b give  
 
   
 
      
        
(76) 
h is the state-space model of  the system in figure 27a, in which the actuator is 
riven by the voltage driver. Assuming, 
 
whic
d  kg,   N-s/m,   
N/m and from the identification results, it is known that   N/m,   
N-s/m,   N/A,   and   m bstitut qs. (74) and
er matrix r on of the
Eq. (58). ign the con  in Eq.
H. Su ing into E  
(76) and the system equations are converted to the transf ealizati  
form in   To des troller  (57), if the measuring signal has low 
drift and very small offset, the integral constant   can be considered to be small. In 
this demonstration it is assumed that  . The desired damping ratio can be 
achieved by a suitable value of controller gain    at might be obtained by root locus  th
- 41 - 
 plot. Let system 1 and system 2 refer to the systems in Eqs. (74) and (76) with integral 
acceleration feedback respectively. Using Eq. (61), the corresponding root locus of 
system 1 and system 2 are represented in figures 28 and 29 respectively. The root loci 
show that gain margin of both systems is infinity. However, in practice, the controller 
gain can only be increased until   because the systems are subjected to the 
uncertainty. Actually, the gain margin is finite in robust stability sense.    
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Figure 28 Root locus of system 1 (the right hand side picture zooms in the locus near 
the origin) 
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Figure 29 Root locus of system 2 (the two lower plots show a zoom near the origin) 
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 When the active vibration isolation system is subject to uncertainty, the best 
transmissibility that can be achieved is the nominal transmissibility and the worst 
transmissibility is not worse than the robust transmissibility. Figures 30 and 31 show 
the robust stability plot of ( ) and the nominal and robust 
transmissibility of system 1 and sy fferent controller gains. The arrows 
indicate the direction of gain increasing. The system is still stable when the controller 
gain is increased. A better nominal transmissibility is achieved when the controller 
gain is increased; however, the robust performance deteriorates when the controller 
gain is increased. Figure 32 shows a comparison of the robust stability and robust 
performance of two systems that use different kinds of driver. In this comparison, the 
controller gains are set to achieve the damping ratio 
stem 2 using di
 The nominal 
transmissibilities are similar, but the robust performance of the system that uses the 
current driver is better than the system that use voltage driver. Clearly, to use the 
current driver is ideal with only one source of uncertainty. To improve the robust 
performance of the system that uses a voltage driver, a more sophisticated controller 
might be used.       
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Figure 30 Robust stability and robust performance plot of system 1 using gain 
 (arrows indicate the direction of increasing gain)  
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Figure 31 Robust stability and robust performance plot of system 2 using gain 
 (arrows indicate the direction of increasing gain)  
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Figure 32 Robust stability and robust performance plot of the system 1 and system 2  
Next, a stiff-actuator is applied in an active vibration isolation system. Consider figure 
27b, the equations of motion of mass   and   in the Laplace domain are given by 
                               
                               
(77a) 
 
(77b) 
where   is an actuator force. In figure 26a and 26b,  ,   and the 
actuator force is given by 
                                   (78) 
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 Let  ,  ,  ,   and   , the state-space 
model of the system in figure 27b, in which the actuator is driven by the current driver 
is given by 
    
                        
         
(79) 
If the actuator of the system in figure 27b is driven by a voltage driver, the state-space 
model becomes 
       
 
   ,    
where   
(80) 
Assuming,   kg,   kg,   N-s/m,   N/m and from 
the identification results of magnetostrictive actuator, it is known that 
N/μm,   N-s/m,   N/A,   and   mH. 
Substituting into Eqs. (79) and (80) the system is converted to the transfer matrix 
realization of the form given in Eq. (58). Let system 3 and system 4 refer to the system 
given in Eqs.(79) and (80) with integral acceleration feedback respectively. Because 
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  is negative the controller gain  , Using Eq. (61) and letting  , the 
corresponding root loci of system 3 and system 4 are shown in figure 33 and 34 
respectively. The open-loop transfer function of each system has two coupled 
complex poles that imply each system has two resonant frequencies. From the root 
loci plots in figure 33 and 34, it can be seen that if the controller gains are increased, 
the damping ratio of the first resonant frequency will be increased but the damping 
ratio of the second resonance will be decreased and the controlled systems will be 
unstable if high controller gain is selected. The gain margins of system 3 and system 4 
are 7340 A/(m/s) and 195,000 V/(m/s) (or 195000 / 5.4 (V/Ω)/(m/s) =  37500 
A/(m/s)) respectively. If the design objective desires the damping ratio of the first 
resonant frequency to be equal to 1, system 4 will be able to achieve this objective but 
system 3 is not able to achieve this because the desired controller gain is over the gain 
margin. The possible maximum damping ratio of the first resonance frequency of 
system 3 is 0.21. In equation (71b), the term  acts as a low pass filter such that 
high frequency input is filtered out and is not allowed to excite the second resonance 
frequency. As a result, this is the reason why the gain margin of system 4 is higher 
than that of system 3.  
By trial and error, it is known that gain margin can be increased by adding an external 
damper parallel with the actuator. Assume the external damping   N-s/m 
is added so the total damping of the actuator is   N-s/m. 
Using Eq. (61) and letting  , the corresponding root loci of system 3 and 
system 4 with an external damper are shown in figures 35 and 36 respectively. It can 
be seen that the gain margin of system 3 becomes infinite and the gain margin of 
system 4 is increased by a factor of about ten.   
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Figure 33 Root locus of system 3  
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Figure 34 Root locus of the system 4  
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Figure 35 Root locus of system 3 with external damper 
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Figure 36 Root locus of system 4 with external damper 
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Figure 37 Robust stability and robust performance plot of system 3 using gain 
 (arrows indicate the direction of increasing gain)  
 
 
10
-1
10
0
10
1
10
2
10
3
10
4
10
-4
10
-3
10
-2
10
-1
10
0
10
1
10
2
Robust Stability, |T
qp(ω)|
Frequency (Hz)
G
a
i
n
10
2
10
-1
10
0
10
1
10
2
10
3
10
4
10
-4
10
-3
10
-2
10
-1
10
0
10
1
Frequency (Hz)
T
r
a
n
s
m
i
s
s
i
b
i
l
i
t
y
Transmissibility
 
 
Uncontrolled transmissibility
Nominal transmissibility
Nominal transmissibility
 
 
Figure 38 Robust stability and robust performance plot of system 4 using gain 
 (arrows indicate the direction of 
increasing gain)  
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Figure 39 Robust stability and robust performance plot of the system 3 and system 4  
 
 
 
Figures 37 and 38 show the robust stability plot and the nominal and robust 
transmissibility of the system 3 and system 4 using different controller gains. The 
arrows indicate the direction of gain increasing. The trend of robust stability and 
robust performance is similar to the soft-actuator case that is the system is still stable 
when the controller gain is increased. A better nominal transmissibility is achieved 
when the controller gain is increased; however, the robust performance deteriorates 
when the controller gain is increased. 
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 Suppose the damping ratio of the first resonant frequency equal to   is required 
for each system. Setting the controller gain   A/(m/s) for system 3 
and   V/(m/s) for system 4. Figure 39 shows a comparison of the 
robust stability and robust performance of the two systems that use different kinds of 
driver. The nominal transmissibilities are similar, but the robust performance of the 
system that uses the current driver is better than that of the system that uses a voltage 
driver. 
Clearly, to add external damper parallel an actuator can improve the stability 
characteristic of the controlled system and allow us to use a higher controller gain to 
achieve a better performance. In addition, to avoid dealing with the uncertainty in the 
electrical domain, the current driver should be used.  
 
6. Summary 
 
In this report, a two-port model has been used to describe the behaviour of three types 
of actuator namely electromagnetic, magnetostrictive and piezoelectric actuators.  The 
constitutive equation of each actuator have been derived and presented in the form of 
two-port model.  
To identify the parameters of the actuator, the relative velocity can be approximated 
by the absolute velocity of the moving part if the mass ratio between the moving mass 
and actuator case mass is small. An external mass can be added to the actuator case to 
ensure this condition holds. As a result, the mechanical impedance can be 
approximated by a single degree-of-freedom model.  
The actuator parameters have been identified with no external load and the 
experimental results show that the constitutive equations predict the experimental 
results in low frequency range. The frequency response error between the model and 
the experiment is treated as an unstructured uncertainty.     
In system design, there are many choices of actuator that are available. In order to 
achieve a satisfactory performance and acceptable cost, an actuator selection criteria 
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 should be used. In this report, the force-displacement property, modulus squared value 
of blocked force per unit electrical power input, the modulus squared value of the free 
displacement per unit electrical power input, and maximum efficiency of each 
actuator has been studied. The electromagnetic actuator can generate a large 
displacement but low force. Conversely, a magnetostrictive actuator and a 
piezoelectric stack actuator can generate a large force but small displacement. In 
terms of the square of modulus of the free displacement per unit input electrical 
power, the electromagnetic actuator can generate the largest displacement with the 
smallest power consumption. However, in terms of the square of the modulus of the 
blocked force per unit input electrical power,  the piezoelectric stack actuator is most 
efficient at low frequency but decreases with frequency and the magnetostrictive 
actuator maintains a good efficiency in all frequency ranges. In the matched load 
condition, the maximum efficiency of the electromagnetic actuator is roughly constant 
with frequency. The maximum efficiency of the magnetostrictive actuator increases 
with frequency. Conversely, the maximum efficiency of the piezoelectric stack 
actuator decreases with frequency. The study suggests that an electromagnetic 
actuator is suitable for a system that requires a large displacement but low force, a 
piezoelectric stack actuator is suitable for a system that operates in the low frequency 
range and requires a large force but small displacement, and a magnetostrictive 
actuator is suitable for the system that operates in the high frequency range and 
requires a large force but small displacement. 
In section 5, the application of actuators to an active vibration isolation system has 
been demonstrated and the effect of uncertainty due to identification error has been 
studied. The study shows that a good isolation performance can be achieved by using 
a sky-hook-damper controller in both the soft-actuator and the stiff-actuator cases. 
The uncertainty in the actuator can reduce the gain margin of the system and can 
cause a deterioration in the performance (transmissibility) of the system. In the stiff-
actuator case, adding an external damper parallel to the actuator can improve the gain 
margin of the system. The robust performance of the system can be improved in both 
cases by using a current driver.  It should be noted that the conclusions are based on 
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 the sky-hook damper type of controller. If another more sophisticated controller is 
employed, the use of a voltage driver might not be disadvantageous.  
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